Models with fermions in bifundamental representations can lead naturally to family unification as opposed to family replication. Such models typically predict (exotic) color singlet states with fractional electric charge, and magnetic monopoles with multiple Dirac charge. The exotics may be at the TeV scale, and relatively light magnetic monopoles ( 10 7 GeV ) can be present in the galaxy with abundance near the Parker bound. We focus on three
INTRODUCTION
Models with fermions in bifundamental representations of product gauge groups of the general form SU(a) × SU(b) × SU(c) have been studied for a variety of reasons over the last three decades [1] . The fermions must be free of gauge anomalies. The relevant gauge anomalies here are SU(a) 3 , SU(b) 3 and SU(c) . This is an exception to the above general remarks since we do not need to include (1, 2,2) because there are no SU(2) 3 gauge anomalies. This only happens when the gauge group contains SU(2) subfactors. We still have SU(2) global anomalies to worry about, but there are an even number of doublets, and so, the model is consistent.
In [4] we introduced a model based on the gauge group SU(4) × SU(3) × SU(3) (the
334-model). It is the minimal model that contains both the (PS) model and the (TR)
model. The 334-model contains features that are not present in many grand unified models.
These include fractionally charged color singlet states and light magnetic monopoles. The richness of possible charge assignments were not explored in [4] , but here we begin a more comprehensive analysis.
If string theory is to be the ultimate physical theory, then we must be able to extract standard model (SM) physics from it. A number of attempts with this objective have been pursued, including Calabi-Yau compactifications of the heterotic string, which yield E 6 type GUT theories, where holomorphic deformations, Wilson loops, etc., can be used to reduce the gauge symmetry. Orbifolding of type IIB strings on AdS 5 ×S 5 can produce four dimensional conformal field theories (CF T s) with gauge groups i SU(Nd i ) and bifundamental matter [5] , [6] and hence resemble the standard model. This is part of our motivation for studying the 334 model.
Here we again [4] take a bottom-up approach and consider models that are likely to be derivable from orbifolded type IIB strings, but our focus will be the resulting phenomenology, not on a string theory derivation of the model. The models we study contains aspects of both Calabi-Yau and AdS/CF T type string theory compactifications, and leads to a remarkably rich set of phenomenologies. It is well known that the (PS) model and the (TR) model are both contained in E 6 Grand Unification [7] , [8] . We will provide additional coverings of PS and TR which do not embed in E 6 , but instead require nontrivial family unification and are perhaps the minimal such example of a models with this property. We conclude this section with a brief review of PS and TR models. In the following sections, we present our models and then consider some of their phenomenological consequences.
The gauge group of the PS model is G P S = SU(4) × SU(2) L × SU(2) R . Each fermion family lives in a set of bifundamental representation (4, 2, 1) ⊕ (4, 1, 2).
This model embeds naturally in SO(10) (as G P S /Z 2 ), where a fermion family combines into a 16 of SO (10) . Adding a 10 ⊕ 1 of fermions then allows unification into E 6 , where the fermions are now in a 27. The PS, SO (10) , and E 6 models are all chiral and anomaly free, family by family, and so a full three-family [9] model is gotten simply by replicating the first family.
The TR model also has fermions in bifundamental representations 
where now the gauge group is G T R = SU(3) × SU(3) × SU(3). As G T R /Z 3 is a subgroup of E 6 and (3) already contains 27 fermionic states, the unification into E 6 is gotten simply by adding the necessary gauge generators to extend SU(3) 3 to E 6 . Again, a single fermion family is anomaly free on its own, so we must add two more families to agree with phenomenology.
REVIEW OF THE SU (4) × SU (3) × SU (3) MODEL
The smallest group that contains both the PS and TR models is not E 6 but G = SU(4) × SU(3) × SU(3), which has 31 generators and has a rank of 7. Insisting on fermions in bifundamental representations, we consider (4,3, 1), (4, 1, 3) , and (1, 3, 3) . We cannot take one of each to form a family, since this would be anomalous. The minimal anomaly free choice is [4] 3(4,3, 1) ⊕ 3(4, 1, 3) ⊕ 4 (1, 3, 3) .
If we break the SU(4) to SU(3), then (4) becomes
which contains three TR families plus a few additional particles. Hence the simplest set of anomaly free chiral bilinear representation [i.e., (4)] contains three families. This is a true family unification, instead of a model where the second and third families are gotten from merely replicating the first. Examples of the latter include minimal SU(5), SO(10) with fermionic 16s, and E 6 grand unification with fermions in 27s, in addition to the PS and TR models.
The full analysis of the 334-model [10] requires the study of all the various patterns of spontaneous symmetry breaking (SSB), and the charge assignments these lead to, plus the phenomenological implication of the "extra" fermions. Typically there exist fractional charged color singlets [11] , [12] in these models, and hence the minimal monopole change will be the inverse of this minimal fraction times the Dirac charge.
As we shall see, there are only three inequivalent possibilities for embedding color and weak isospin of the standard model in SU(4) × SU(3) × SU(3) (if we ignore the diagonal subgroups). The embedding of weak hypercharge is more complicated. Consider the break-
. If we then break U(1) A and U(1) B completely, the hypercharge must be Y = T 3R + (B − L), where T 3R is the diagonal generator of SU(2) R , and B − L generates the U(1) that is in SU(4) but not in SU(3) C . However, there are many other possibilities for the embedding of U(1) Y . These are similar to the well-known flipped models [13] , [14] . One obvious choice is to break SU(4) to SU(3) C and then Y could be the trinification choice from SU(3) L ×SU(3) R . Trinification has a standard hypercharge assignment, but this could be flipped. Also moving SU(2) W from SU(4) to an SU(3) of the 334-model corresponds to an isoflipped model [15] . (There are even more choices where family members move around but the charges of the extra fermions change. These"transflipped" models will be described in the next section.) Here we restrict ourselves to the standard hypercharge embeddings that generate PS and TR models, but keep in mind that flipping may offer other opportunities. (Note, embedding SU(3) C and/or SU(2) W in some diagonal subgroup within the 334-model, and this includes the "diagonal embedding" SU(2) W = SU(2) diag ⊂ SU(2) × SU(2) ⊂ SU(4), leads to vectorlike fermions, and this route is incompatible with SM phenomenology.)
We now begin our review of the most straightforward embedding followed in [4] which leads to the TR and PS models. In the next section we give a general analysis of all embeddings where the patterns of spontaneous symmetry breaking can be consistent with SM phenomenology.
The standard PS version of the 334-model, has fermions
Only the three PS families remain chiral, while the extra (exotic) vectorlike fermions obtain masses from Higgs VEVs at the G breaking scale. This will be discussed in more detail in the section on the Higgs sector. Breaking G P S to the standard model gauge group
, we find
As expected, we are left with three standard model families, plus three right-handed neutrinos, needed to form the three PS families, plus the following extra fermion states:
Electric charge is now quantized in units of 1 2 , so the magnetic monopole must have a minimum charge of two from the Dirac quantization condition.
Care must be taken with the direct route to the TR model. This is due to a subtlety that arises in breaking SU(4) to SU (3) . With the standard trinification charge assignments, one finds that massless charged quarks and leptons appear in the spectrum-a conflict with phenomenology. To avoid this we must include additional fermion multiplets at the 334 level. Let us see how this works. Two inequivalent cases must be considered: (i) SU(3) C embedded in SU(4), or (ii) SU(3) C identified with an SU(3) of the 334-model. In both cases at the trinification level we begin with fermions as in (4).
For case (i), we have the three standard families plus
under
Hence all the extra states are leptonic. Then for
×U(1) R where we identify U(1) R with the diagonal genera- 
These states are still chiral, and the only way to give them mass would be with a VEV from an electrically charged Higgs. As this must obviously be avoided, an alternative, if we relax our restriction on only having bifundamental fermions, is to arrange these particles to be vectorlike by adding the conjugate, but anomaly free chiral multiplets
at the 334 level. But this particular combination of R E andR E contains the vectorlike pair of bifundamentals (1, 3,3) ⊕ (1,3, 3) which is also anomaly free since it is vectorlike. Barring any additional symmetry or some other mechanism, we would expect this pair to acquire a mass much higher than the 334 breaking scale, which will effectively lead to its decoupling. This is possible because there is a smaller anomaly free combination (since we now have fundamentals in addition to bifundamentals).
But this is none other than three copies of the anomaly free combination: charges.
The minimal monopole charge is three.
For case (ii), some of the extra states will be colored. In terms of
The hypercharge in unchanged from case (1) (it is still Y = 1 6
Y R ), so now we find:
Again we must add conjugate states
and this allows masses for the exotics at a scale higher than the family masses.
With this review under our belt we are now ready to survey the complete list of allowed patterns of spontaneous symmetry breaking for the 334 model that lead to standard model physics plus extended families of fermions. As there are alternative hypercharge and weak isospin assignments (the flipped and isoflipped models) in SO(10) and E 6 , so there are alternative embeddings of hypercharge and weak isospin in
are not the same as the PS or TR assignments discussed above. Recall that we will call these alternative hypercharge and weak isospin assignments "transflipped 334 models." In this case the flipping rearranges the location of the family members while keeping their charges fixed, but the extra fermions change both their location and charge. This is more general than the behavior of flipping in SO(10) or E 6 where rearrangement takes place, but charges of extra fermions remain fixed.
CLASSIFICATION OF INEQUIVALENT 334-MODELS
There are three inequivalent ways to embed SU(3) C and SU(2) W in
R that can lead to the correct fermion families in the stan-
(ii) Identify SU(3) C with SU(3) L and embed SU(2) W in SU(3) R (or vice versa).
In all cases the fermion representations at the 334 unification scale are 3(4,3, 1)⊕3(4, 1, 3)⊕4 (1, 3, 3) , but in some circumstances it may be necessary to include additional fundamental or bifundamental representations to avoid unwanted massless charged particles.
In case (i) the initial SU(4) contains a diagonal generator
, and there are two more diagonal
We now require the weak hypercharge U(1) Y be generated by a linear combination of Λ 15 , λ L 8 , λ R 3 and λ R 8 such that we arrive at three families plus additional states. We can proceed systematically by following the decomposition of the fermion bifundamentals for 
We now must solve for the generator of U(1) Y . We do this by solving for the coefficients
by identifying the families in the 334 bifundamentals. To start the process, note that in a standard family there is only one quark doublet, i.e., the (3, 2) 1
6
. Therefore, comparing with the decomposition of the (4,3, 1) we must have
where we take a, b, c and d to be the coefficients of the unnormalized version of the U(1) or singlet charges to 1 we find the allowed solutions summarized in Table I . Table I . As we already know the content of the TR and PS models we derived, let us summarize the fermion contents of the new models I through IV. They are Case I:
The coefficients are
They yield a weak hypercharge operator
and fermions
where we have underlined the locations of members of the standard families.
Case II:
Now the coefficients are
yielding
where we have again underlined the locations of members of the standard families. Note some of them have changed location from model I and the extra fermions have changed their locations as well as their charges.
Case III:
leading to the hypercharge operator 
with the locations of standard family members underlined. Remarkably, except for the positron, they are in the same places as they were in model II. The charges of the extra fermions have changes as expected.
Case IV:
This time, the coefficients
yield
where the locations of members of the standard families have moved and the extra charges have changed values once again. In all cases the standard model family is distributed amongst all three types of initial 334 model bifundamental fermion representations.
As we have seen, embedding SU(3) C in SU(4) (embedding class (i)) can lead to the PS model, but this is certainly not the case for embedding classes (ii) and (iii). However, the TR model is allowed by all three embedding classes. We now move on the Class (ii) where 
and the generator of
We start the process of identifying the families in the 334 bifundamentals by again noting there is only one type of quark doublet. Therefore, comparing with the decomposition of the (4,3, 1) we must haved = −1/6. Again requiring the existence of (3, 1)s with hypercharges 1/3 and −2/3 and leptons (1, 2) −1/2 and (1, 1) 1 leads to a set of equations for the coefficients in (43) with solutions summarized in Table II . Table II : Class (ii) models.
As expected the TR model is a solution, however, the "X" model is a surprise. We find we can satisfy all the conditions necessary to fix the charge of all standard model family members without the need to specify the value of the parameter x in the hypercharge,
I.e., the generator X = diag(0, 0, 1, −1) of U(1) X ⊂ SU(4) is still at our disposal. Before discussing this model, let us display the fermions:
We find the three complete standard model families (underlined states) without specifying x.
There are several choices for x that can be used to generate a flipped model. , such that Q = V + xX.
Since the electromagnetic symmetry is unbroken, by the same reasoning, this also means that U(1) V × U(1) X is also unbroken. Nothing in this discussion depends upon the details of the symmetry breaking (Higgs or dynamical).
However, there will be cross-coupling terms for the gauge kinetic terms. Let A Z be the gauge field for U(1) Z and A X be the gauge field for U(1) X , with F Z and F X their respective field stregnths. The gauge kinetic term will have the generic form
where α is some dimensionless coefficient that receives contributions from radiative corrections.
By taking linear combinations X and Y ′ = Z + βX, we can diagonalize the gauge kinetic terms with a proper choice of β, but in that case, the Y ′ charges of SM fields and the exotic fields will be incommensurable. Since all the SM fields are neutral under X, A X decouples from the low energy physics and so, it is not a problem that it remains unbroken.
However, it is essential that all exotics with a nonzero X charge have large mass, since they couple to both the standard model gauge fields and A X . This probably means that our current model does not work phenomenologically because, so far we have not been able to find a way to make all the exotic fermions vectorlike. However, this mechanism works generically for any GUT theory which contains U(1) Z × U(1) X with all the standard model fields being X-neutral and the Z charges of all the standard model fields coinciding with their hypercharges.
We are now ready to continue on to class (iii) models where SU(2) is embedded in SU(4).
We can write the hypercharge operator as
where we define Λ 
The usual process of requiring the quark doublets to have hypercharge 
Tabulating the coefficients we have Table III. abĉd type -1/6 1/6 1/2 -1/6 TR -1/6 7/6 0 1/3 V Table III : Class (iii) models.
As the first case is the TR model again we need only consider the second. Here the fermions are 
(
Multiple choices for selecting family components exist here of which we have underlined one possibility.
THE HIGGS SECTOR
In this section, we will present a detailed analysis of the Higgs sector for the cases where the intermediate gauge group is the 422 (PS) group, the flipped 422 group and the trinification group.
PATI-SALAM MODELS
Consider the symmetry breaking chain
which takes us from the 334 model to the standard model via the PS model, where we take
and
SU(3) C ⊂ SU(4).
The weak hypercharge in this model is 
and is of PS type.
The fact that the SM gauge group is modded out by Z 3 instead of the usual Z 6 [18] means that we can have electric charges which are multiples of 1 2 . At distances smaller than the QCD confinement scale, we can also have electric charges which are multiples of 1 6 , but at larger distances, we only find electric charges coming in multiples of 1 2 . However, these fractional charges are attached to particles with GUT scale [41] masses. Monopoles form at the PS breaking scale.
Model PSα

Fermion content
The fermion content at the 334 level is (1, 3,3) 433 → (1, 2, 2) P S ⊕ (1, 2, 1) P S ⊕ (1, 1, 2) P S ⊕ (1, 1, 1) P S .
(1, 3, 1) 433 → (1, 2, 1) P S ⊕ (1, 1, 1) P S .
(1, 1,3) 433 → (1, 1, 2) P S ⊕ (1, 1, 1) P S .
We find the SM fermions (plus a left handed antineutrino) are contained within (4, 2, 1) P S and (4, 1, 2) P S . All the other fermions are "exotic" and must be heavy enough to have escaped detection.
Yukawa couplings
Our goal is to make the exotic fermions vectorlike. In general, this can be done either (1, 2, 2) P S is real and the only (1, 2, 2) P S 's come from (1, 3, 3) Since the electroweak doublets couple some SM components of (4, In a full phenomenological model, we will have to make sure that all the Higgs fields pair up except for the electroweak doublets (unless there is some mechanism making the additional Higgs fields phenomenologically harmless) with the possible exception of some SM-singlet Higgs fields (or even electroweak triplets, but then we might have to worry about protecting the tiny mass of the left-handed neutrino), but we will not work this out
here. Higgs fields with SU(3) C -color are likely to cause rapid proton decay.
Lastly, the left-handed antineutrino has to acquire a Majorana mass. There are number of ways to do this. For instance, above, then we need to include a (15, 1, 1) H433 to break SU(4).
MODEL FPSA
The symmetry breaking chain is [23]
and SU(3) C ⊂ SU(4). At distances smaller than the QCD confinement scale, we can again have electric charges which are multiples of 1 6 , but at larger distances, we only find electric charges in multiples of 1 2 . However, these fractional charges are for particles with GUT scale masses. Again, monopoles form at the 433 breaking scale.
Model FPSaα
Again we must consider fermions with family replication
with decompositions
where we use the following array for definitions
The SM fermions are flipped, which is why this model is called a flipped PS model. Both (4, 1, 2) 1F P SA and (4, 1, 1) 0F P SA contain additional exotics.
Yukawa couplings
Now either is necessary to begin to carry out the SSB in this model. The former Higgs fields decompose
which makes it clear that its VEVs are at the FPSA breaking scale, since none of its components are FPSA-singlets.
The Yukawa coupling responsible for pairing of exotics is
None of the other Yukawa terms lead to further pairings until the electroweak breaking scale.
The down-type and up-type electroweak Higgs doublets are contained within (1, 2, 2) −1HF P SA and (1, 2, 1) 2HF P SA respectively. The term (1, 2, 2) −1HF P SA (4, 2, 1) 0F P SA (4, 1, 2) 1F P SA con-
H qd c and (1, 2) − 1 2
H le c , while (1, 2, 1) 2HF P SA (4, 2, 1) 0F P SA (4, 1, 1) −2F P SA con-
The decompositions of the other fermions are displayed below:
of (1, 3,3 ) 433 has to pair up with the (1, 2) − 1 2
of (1, 3,3) 433 . This is done using the coupling
Since there are three generations of (1, 3,3) 433 and the self-pairing of (1, 2) 0 is antisymmetric since it is a pseudoreal representation, we have to pair the (1, 2) 0 of (1, There is no reason to pair up the SM-singlet fermions here either, so we are left with the same four Yukawa coupling terms as in the previous model. This can cause some further flipping so that the standard model fermions are really linear combinations of some components of (4,3, 1) 433 and some components of (1, 3, 3) 433 .
This modifies the electroweak Yukawa couplings so that we might get away with only one 
Model FPSaβ
This construction is similar to the previous model, so we shall not go through the details here.
MODEL FPSB
Next consider the symmetry breaking chain
If we let The relevant differences lie in the nontrivial SU(4) irreducible representations displayed below:
The up-type electroweak Higgs doublet is contained within (1, 2, 2) −1HF P SB and the downtype Higgs within (1, 2, 1) 2F P SB , which is the reverse of the case with FPSA.
Direct breaking
It is also certainly possible that all the GUT Higgs VEVs have the same order of magnitude. In that case, it is more appropriate to say that 433 breaks down directly to the SM gauge group.
TRINIFICATION
Finally, we return to the trinification case where we will explore the variant of the model with SSB
The Z 2 modding means that the electric charge is quantized in multiples of 1/3 [25] .
Monopoles form at the TR breaking scale. We choose the fermion content
Model TRa
The first model has
with hypercharge
The decompositions of the representations under TR are This is the only choice which pairs up the exotic leptons. However, it does not cause the SM-neutral fermions to pair up [26] . A (1,6,3) H433 leads to antisymmetric mass matrix, but a (1,6, 6) H433 can be responsible for giving large symmetric masses to the remaining exotics.
Model TRb
Our second trinification model has .
Yukawa couplings
The appropriate Yukawa couplings terms are As before, the SM-singlet fermions may be paired using a term of the form The third model has some similarities with Model TRa. Here we have For the remaining models in our classication, we have not been able to find a suitable choice of additional "exotic" fermion fields to add to make all the exotic fermions vectorlike at the GUT scale. While this certainly does not mean that such a combination is not possible, it probably means that any such combination would have to be fairly complicated. 
This model has some interest in its own right since family unification is required if we only allow bifundamentals (However, problems can arise in this model with respect to giving heavy masses to the exotics.). As planned, the three families have no X ′ charge. Therefore, the breaking of U(1) X ′ is not tied to the charge operator for standard families, nor is the X ′ charge a priori quantized for the extra fermions. The X model itself is somewhat more interesting since it is not one of these extensions. U(1) X is an integral part of the 334 model and is interwoven into SU(4) × SU(3) × SU(3) in a nonfactorizable way. As we have seen,
there are a number of choices for x that can be used to flip the X model. Likewise, this can be done for X ′ models.
The spontaneous symmetry breaking of SU (4) (3) to the PS group SU(4) × SU(2) × SU (2) . Further breaking proceeds as in the PS model.
Hence, we only need to concern ourselves with the 334 that is not equivalent to the TR or PS models. The SSB to any of the models listed can always be achieved, given sufficient freedom in the Higgs sector. It would be interesting if we could derive any of the 334 type models from an orbifolded AdS/CF T theory, as this would strongly restrict both the fermion and scalar content of the theory, i.e., adjoints and bifundamentals only.
In the PS and TR models, several symmetry breaking scales can be associated with magnetic monopoles. In this context it is important that the gauge boson mediated proton decay is absent in these models, but proton decay can still proceed through Higgs (Higgsino if the model is supersymmetrized) exchange, as well as via higher dimension operators. It is relatively straightforward to construct models based on G P S and G T R where proton decay is forbidden, as a consequence, say of an 'accidental' baryon number symmetry. This allows the possibility that G P S and G T R could be broken at scales far below the conventional grand unification scale M GU T ∼ 10 16 GeV . An example based on D-branes in Type I string theory was provided for the G P S symmetry [27] , where with the standard embedding of SU(3) C × SU(2) × U(1), the symmetry breaking scale of G P S becomes M P S ∼ 10 12 − 10
13
GeV, with the corresponding string scale > ∼ M P S . Thus, monopoles with mass ∼ 10 13 − 10
14
GeV are expected in this class of models. An even more suggestive result is given by the PS type model based on CF T obtained from orbifolded type IIB strings [28] , [29] . Here the unification is in the 100 T eV range, and other intriguing phenomenology possibilities appear, e.g., sin 2 θ W can be approximately .23, etc. [30] . Analogous considerations should apply to the trinification scheme and, by extension, to the gauge symmetry of special interest here SU(4) × SU(3) × SU(3). Assuming for instance that a 334 model could be derived from an orbifolded AdS × S 5 , the multiply charged monopoles of the theory will have mass as small as M ∼ 10 7 GeV, which is in the preferred range of interest if they are to be candidates for high energy cosmic ray primaries [31] , [32] ; a more detailed study of mass scales would require an RG analysis for each model. We expect the 334-model to have a similar unification scale with resulting exotic (fractionally charged) leptons and/or hadrons, and we expect their masses to be near this unification scale, so they are also of interest as dark matter candidates [33] , [34] .
Given that monopoles of mass of order ∼ 10 13 − 10 14 GeV (or perhaps even much lighter)
can arise in realistic models, it is important to ask: Can these primordial monopoles survive inflation? A non-supersymmetric inflationary scenario which dilutes but does not completely wash away intermediate mass monopoles was developed in ref [35] . The D-brane scenario discussed above gives rise to non-supersymmetric SU(4) C ×SU(2)×SU(2), so the discussion in ref [35] may be relevant. The monopole flux can be reduced to close to the Parker bound 10 −16 cm −2 s −1 sr −1 . In the orbifolded scheme, the SSB scale where the monopoles get their masses can be below the inflation scale. Hence, the monopoles can exist in interesting densities (near the Parker bound) depending on details of the SSB phase transitions. For the supersymmetric case, dilution of monopoles can be achieved by thermal inflation [36] , [37] followed by entropy production. A scenario in which thermal inflation is associated with the breaking of the U(1) axion symmetry was recently developed in ref [38] .
In summary, the SU(4) × SU(3) × SU(3) models we are advocating provides a natural family unification while avoiding proton decay and giving rise to both (exotic) fractionally charged color singlets and corresponding multiply charged magnetic monopoles [39] with densities compatible with the Parker bound, and with masses perhaps as light as ∼ 10
7
GeV, (Note that in SU(5) the lightest monopole has mass of ∼ 10 17 GeV, and carries one unit of magnetic charge [40] .) The exotic states are heavy (greater than a few TeV), but may be in the range explored by accelerators in the next decade.
